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RNA import into mammalian mitochondria is consid-
ered essential for replication, transcription, and
translation of the mitochondrial genome but the
pathway(s) and factors that control this import are
poorly understood. Previously, we localized polynu-
cleotide phosphorylase (PNPASE), a 30/ 50 exoribo-
nuclease and poly-A polymerase, in the mitochon-
drial intermembrane space, a location lacking
resident RNAs. Here, we show a new role for PNPASE
in regulating the import of nuclear-encoded RNAs
into the mitochondrial matrix. PNPASE reduction
impairedmitochondrial RNA processing and polycis-
tronic transcripts accumulated. Augmented import of
RNase P, 5S rRNA, and MRP RNAs depended on
PNPASE expression and PNPASE–imported RNA
interactions were identified. PNPASE RNA process-
ing and import activities were separable and a mito-
chondrial RNA targeting signal was isolated that
enabled RNA import in a PNPASE-dependent
manner. Combined, these data strongly support an
unanticipated role forPNPASE inmediating the trans-
location of RNAs into mitochondria.
INTRODUCTION
Much is understood about the mechanisms that regulate
nuclear-encoded protein import into mitochondria (Chacinska
et al., 2009). By contrast, much less is known about the factors
that regulate mitochondrial RNA import. Almost every organism
with mitochondria imports tRNAs and aminoacyl-tRNA synthe-
tases (Alfonzo and Soll, 2009; Duchene et al., 2009). The number
of imported tRNAs ranges from one in yeast to all in trypano-456 Cell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc.somes, with mammalian mitochondria importing several
different tRNAs both in vitro and in vivo (Kolesnikova et al.,
2004; Rubio et al., 2008). Recently, microRNAs were isolated
from mitochondria (Kren et al., 2009) and the nuclear-encoded
5S rRNA was identified as one of the most abundant RNAs in
human mitochondria (Entelis et al., 2001; Smirnov et al., 2008).
RNase MRP and RNase P enzyme complexes localize and
function in mammalian mitochondria and may contain RNAs
that are encoded within the nucleus. RNase MRP functions
as a site-specific endoribonuclease involved in primer RNA
cleavage during the replication of mitochondrial DNA (Chang
and Clayton, 1987). Mammalian RNase P functions in the
processing of tRNAs during the maturation of mitochondrial
transcripts that encode oxidative phosphorylation (OXPHOS)
components. Large polycistronic RNA transcripts are generated
from the heavy and light strand promoters in mammalian mito-
chondria (Bonawitz et al., 2006). tRNAs often separate the
coding regions for OXPHOS subunits and are processed and
removed by RNase P (Doersen et al., 1985). Earlier studies
showed that the RNA component of RNase P was imported
into mammalian mitochondria (Doersen et al., 1985) and the
RNase P RNA and processing activity has been copurified
from mitochondria (Puranam and Attardi, 2001). By contrast,
RNase P RNA is encoded in the mitochondrial genome in
Saccharomyces cerevisiae (Hollingsworth and Martin, 1986).
Recently, an additional RNase P enzyme, consisting of three
protein subunits, has been purified from human mitochondria.
This alternative RNase P enzyme processes single tRNA 50
precursor sequences in vitro without an RNA component
(Holzmann et al., 2008; Walker and Engelke, 2008). The identifi-
cation of two enzymes with RNase P activity in mammalian
mitochondria warrants further investigation.
Critical open questions about RNA import into mammalian
mitochondria include the selectivity of RNAs, the factor(s) target-
ing RNA from the cytosol, and the translocation pathway(s)
across the mitochondrial membranes (Duchene et al., 2009).
Different import pathways have been proposed for a subset of
precursors in different species and the details of the components
involved remain ill-defined. For example, the TOM and TIM
protein import complexes have been implicated in the import
of tRNALys in yeast mitochondria (Tarassov et al., 1995). By
contrast, a protein import pathway-independent mechanism
may exist and involve a 600 kDa multi-subunit RNA import
complex (RIC) in Leishmania (Mukherjee et al., 2007). Thus,
inconsistencies among RNA import systems suggest a critical
need to learn more about the nature of the RNAs that are
imported and the factor(s) mediating this import.
Previously we showed an unexpected location in the mito-
chondrial intermembrane space (IMS) for mammalian polynucle-
otide phosphorylase (PNPASE) (Chen et al., 2007; Chen et al.,
2006; Rainey et al., 2006), a 30 / 50 exoribonuclease and
poly-A polymerase that uses phosphorolysis to degrade RNA
(Yehudai-Resheff et al., 2001). This was a surprise because
We expected that PNPASE would instead localize in the RNA-
abundant mitochondrial matrix. Therefore, initial studies on
mammalian PNPASE focused on a general role in maintaining
mitochondrial homeostasis, potentially by regulating adenine
nucleotide levels (Chen et al., 2006; Portnoy et al., 2008). Here,
we show that PNPASE has a central role in augmenting the
import of small RNA components required for DNA replication
and RNA processing into the mitochondrial matrix. We suggest
that PNPASE regulates adenine nucleotide levels and mitochon-
drial homeostasis at least partly by regulating RNA import to
control the abundance of the electron transport chain (ETC)
components.
RESULTS
PNPASE Forms a Trimer in Yeast and Mammalian
Mitochondria
To examine PNPASE in the IMS, a coimmunoprecipitation (IP)
assay was performed to identify potential binding partners. A
6XHis-Protein-C (HisPC) tag was added to the C terminus of
PNPASE and stable PNPASE-HisPC expressing HEK293 cells
were generated. The PNPASE-HisPC protein was detected in
isolated mitochondria by immunoblot (Figure S1A available
online). PNPASE-HisPC was isolated from mitochondria using
sequential purification over Ni2+ and Protein-C affinity columns,
followed by elution, and copurifying proteins were identified by
Sypro Ruby staining (Figure S1B) and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) (data not shown). All
of the identified bands originated from PNPASE, suggesting
that PNPASE lacks partner proteins in vivo. Bands of lower
molecular weight than the 85 kDa of PNPASE monomers
were likely degradation products. The assembly state of
PNPASE was also investigated. Mitochondria from yeast ex-
pressing human PNPASE (Rainey et al., 2006) were detergent
solubilized and separated on blue-native (BN) gels. Immunoblot
showed PNPASE in a complex of240 kDa (Figure S1C), similar
to the trimeric complex of endogenous mouse hepatocyte
PNPASE (Chen et al., 2006) and bacterially-expressed human
PNPASE (French et al., 2007). PNPASE-HisPC isolated from
HEK293mitochondria also migrated in a similarly-sized complex
(Figure S1D). Overall, PNPASE assembled identically in yeastand mammalian mitochondria into a homo-oligomeric
complex, consisting of a trimer or a ‘dimer of trimers’ (Symmons
et al., 2002). These results strongly suggest that PNPASE
assembles and may function similarly in yeast and mammalian
mitochondria.
Pnpt1 Knockout Cells Show Altered Mitochondrial
Morphology and Impaired Respiration
We used several approaches to determine the function of
PNPASE in mitochondria. First, the gene encoding PNPASE
(Pnpt1) was knocked out (KO) in C57BL/6 mice (Figure S2 and
Figure S3). Homozygous Pnpt1neo-flox mice, in which exon 2
was flanked by loxP recombination sites, were viable and fertile.
A complete KO of Pnpt1 exon 2 was generated by crossing
CMVCRE expressing mice with Pnpt1WT/neo-flox heterozygotes
followed by inter-crossing the Pnpt1WT/KO progeny. Pnpt1KO/KO
mice were embryonic lethal (Figure 1A).
Our prior cell line studies showed that RNAi targeting PNPASE
reduced ATP production by OXPHOS and slowed cell growth
(Chen et al., 2006). Recently, a viable liver KO of the COX10
gene, which is required for cytochrome c oxidase and ETC func-
tion, was produced, suggesting that targeted disruption of Pnpt1
in hepatocytes might be tolerated (Diaz et al., 2008). Therefore,
a liver-specific KO (HepKO) of Pnpt1 was generated by the
cross AlbCRE/WT/Pnpt1neo-flox/neo-floxx AlbWT/WT/Pnpt1neo-flox/neo-flox,
which produced fertile progeny at the expected frequency
(Figure S2C). Quantitative real-time PCR (QPCR) from HepKO
liver showed reduced Pnpt1 transcripts containing targeted
exon 2 compared with those containing untargeted exon 28
(Figure 1B). PNPASE protein expression was also markedly
reduced in HepKO liver compared with sex-matched littermate
WT liver (Figure 1B). The expression of Pnpt1 transcripts and
PNPASE protein in HepKO liver likely arises from heterogeneous
liver elements. Also, the AlbCRE deleting strain is hepatocyte-
specific but incomplete (Postic and Magnuson, 2000). The
physiology of these mice will be reported elsewhere.
The ultrastructure of HepKO liver mitochondria was investi-
gated by transmission electron microscopy (TEM). Rather than
displaying ordered, linear cristae with convolutions as in WT
mitochondria, the HepKO mitochondria showed disordered
circular and smooth IM cristae (Figure 1C), similar to mitochon-
dria that are impaired for OXPHOS (Mandel et al., 2001) and to
Pnpt1 RNAi mammalian cell lines (Chen et al., 2006). These
and prior results suggesting that reduced PNPASE caused a
decrease in ATP production prompted the evaluation of O2
consumption from HepKO liver mitochondria. Oxygen electrode
studies showed a 1.5- to 2-fold decrease in the activity of
Complex IV and Complexes II+III+IV when normalized to citrate
synthase activity in HepKO compared to WT mitochondria
(Figure 1D). Combined, these data establish an in vivo role for
PNPASE in mitochondrial morphogenesis and respiration
through an unknown mechanism.
PNPASE Is Required for the Processing
of Mitochondrial RNA Transcripts
The data showing decreased respiration in HepKO mitochon-
dria suggested a reduction in functional ETC complexes. There-
fore, RNA processing and translation were examined in cellsCell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc. 457
Figure 1. Deletion of Pnpt1 in Hepatocytes
Impairs Mitochondrial Function
(A) Breeding strategy (top) and results (bottom) for
attempting to generate a PNPASE KO mouse.
(B) Hepatocyte-specific Pnpt1 KO (HepKO) in
4-week old mice. Top: QPCR for liver Pnpt1
expression using an exon 2 – exon 3 primer pair
versus a primer pair within exon 28. Bottom:
PNPASE immunoblot from 4-week old WT and
HepKO mouse livers.
(C) HepKOmitochondria have altered cristae. Left:
TEM of 6-week old littermate livers shows circular,
smooth HepKO IM cristae in contrast to linear,
stacked cristae of WT mitochondria. Right: Anal-
ysis of cristaemorphology in which a single normal
cristae within a mitochondrion was scored as
normal. Indet = indeterminate.
(D) Decreased respiration in isolated HepKO mito-
chondria. Oxygen consumption (nmol/min/mg
protein) for ETC complexes IV and II+III+IV was
measured using an O2 electrode. Mitochondrial
mass was determined by citrate synthase (CS)
activity using a spectrophotometer. Respiratory
activities are shown normalized to CS activity.
(E) Decreased mature mtRNAs in HEK293 cells
with RNAi to PNPT1. Transcripts were quantified
relative to cytosolic GAPDH expression by QPCR
from HEK293 cells 7d post-infection (nadir) with
scramble (Scr) or PNPT1 RNAi retroviral
constructs. See also Figure S1, Figure S2, and
Figure S3.with decreased PNPASE. HEK293 cells with > 75% reduced
PNPASE expression were generated by RNAi, followed by
mitochondrial RNA (mtRNA) transcript quantification using
QPCR normalized to cytosolic GAPDH RNA. All mtRNAs tested
were reduced in Pnpt1 RNAi cells compared to WT cells
(Figure 1E). Proteins translated from mtRNAs were decreased
in HEK293 Pnpt1 RNAi cells (data not shown) and HepKO liver
cells (Figure 2A), strongly suggesting that a decrease in
functional ETC complexes was responsible for decreased
respiration.
The processing of polycistronic mtRNAs was investigated
because reduced PNPASE could cause an accumulation of large
precursor transcripts, resulting in reduced ETC proteins. Tran-
script processing requires RNase P excision of the tRNAs
between ETC gene coding regions. Primers were designed to
test processing between adjacent Cox1 and Cox2 transcripts
that are separated by tRNAser and tRNAasp (Figure 2B). The
primer set Cox1f and Cox1r generates a 450-bp fragment
whereas the primer pair Cox1f and Cox2r generates a 900-bp
fragment when tRNAser and tRNAasp are not excised from large458 Cell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc.precursor transcripts. Isolated mitochon-
drial RNAs were examined by RT-PCR. A
900-bp fragment was detected from
HepKO but not from WT liver mitochon-
dria (Figure 2B). Similar results were
obtained using the same primers in
PNPASE KO mouse embryonic fibro-
blasts (MEFs) (Figure S3 and Figure S4A).To query RNA processing at a second site, primers were gener-
ated for adjacent Cox2 and Atp8/6 loci, separated by tRNAlys.
Again, polycistronic transcripts accumulated in the PNPASE
KO MEFs (Figure S4B). The sizes of Cox1 and Cox3 transcripts
were investigated using specific probes and Northern blot
(Figure 2C). In addition to the mature Cox1 and Cox3 transcripts,
a range of larger precursor transcripts was seen in HepKO liver
cells. Also, the mature 0.9-kb Cox3 transcript was more
abundant in WT than HepKO liver. The abundance of mitochon-
dria-encoded COX3 and ND6 proteins was determined
(Figure 2D). In HepKO liver mitochondria, the steady-state
abundance of PNPASE was decreased by 2-fold compared
to the WT, similar to a 2-fold decrease for COX3 and ND6
proteins. Controls TOM40, MORTALIN, TIM23, and BAP37
showed that the amount of nuclear-encoded mitochondrial
proteins, and therefore the mitochondrial mass, was similar
between HepKO and sex-matched WT littermate liver cells.
Thus, the processing of polycistronic mtRNAs was impaired in
mitochondria with reduced PNPASE, resulting in fewer mature
mtRNAs and reduced ETC complexes.
Figure 2. HepKO Liver Mitochondria Do Not
Efficiently Process mtRNA Precursors
(A) In organello protein synthesis. WT and HepKO
mitochondria (100 mg) were treated with micro-
coccal nuclease S7, and in organello translation
was performed using [35S]-MET. TOM40 immuno-
blot shows equivalent mitochondria in each assay.
(B) RNA was isolated from WT and HepKO liver
mitochondria followed by DNase I treatment to
remove contaminating DNA. RT-PCR was per-
formed for Cox1 and Cox2 with primers shown in
the schematic (upper) and separated on a 1.5%
agarose gel.
(C) Northern blot of mtRNA from WT and HepKO
mouse liver mitochondria using a Cox1 or Cox3
DNA probe. Asterisks mark larger precursor
mtRNAs and the arrow shows the mature mtRNA.
(D) Steady-state expression of nuclear- and mito-
chondrial-encoded proteins in WT and HepKO
liver mitochondria. Equivalent nuclear-encoded
protein expression shows that HepKO reduced
mitochondria-encoded protein expression was
not due to differingmitochondrial content between
WT and HepKO liver cells. See also Figure S4.RNase P RNA Binds to PNPASE and May Function
in PNPASE-Dependent mtRNA Processing
Although an in vitro form of the RNase P enzyme can function
without nucleic acid (Holzmann et al., 2008; Walker and Engelke,
2008), the RNA component of RNase P localizes to mitochondria
(Puranam and Attardi, 2001) and has not been excluded from
mtRNA processing in vivo (Holzmann et al., 2008). Therefore,
the abundance of RNase P RNA in HepKO liver mitochondria
was determined by RT-PCR and QPCR (Figure 3A). Reproduc-
ibly, RNase P RNA was decreased by 75% in HepKO versus
WT liver mitochondria, suggesting that PNPASEmay help import
and/or stabilize RNase P RNA. Therefore, we determined
whether RNase P RNA directly bound to PNPASE in HEK293
cells stably expressing dual-tagged PNPASE-HisPC. Isolated
mitochondria were treated with nuclease and tagged PNPASE
was purified. RNase P RNA was amplified by RT-PCR and
copurified with PNPASE (Figure 3B, lane 4). Importantly, control
IMS-localized TIM23-HisPC in stably-expressing HEK293 cells
did not bind RNase P RNA (Figure 3B, lane 2). PNPASE alsoCell 142, 456–46did not adventitiously bind RNA because
the RNA transcripts for Cox1, GAPDH,
mitochondrial 12S rRNA and mitochon-
drial tRNAtrp were not bound to PNPASE
(Figure 3B). Furthermore, PNPASE-
HisPC, but not TIM23-HisPC, bound
in vitro transcribed and imported RNase
P and MRP RNAs, but not control mito-
chondrial RNA, in cross linking IP assays
(Figure S5A) Thus, RNase P and MRP
RNA bound specifically to PNPASE.
A protein-only RNase P complex was
shown to process the 50-terminus of a
single mitochondrial tRNAlys (Holzmann
et al., 2008; Walker and Engelke, 2008).However, most mammalian mitochondrial tRNA genes are
grouped together in the mitochondrial genome and lack an
intervening pre-sequence, causing them to be expressed with
the ETC genes in polycistronic transcripts. Therefore, we
examined whether protein-only RNase P can efficiently process
paired mitochondrial tRNAs, as must occur in vivo. As done
previously (Holzmann et al., 2008), mitoplast lysates were
untreated or treated with micrococcal nuclease, followed by
inactivation with EGTA and EDTA. tRNAlys or abutting tRNAs,
tRNAhistRNAser, were then added to the lysates. Nuclease-
treated mitoplast lysates cleaved the 50-precursor sequence of
the single and abutting tRNA substrates as efficiently as the
lysates without treatment, as shown before (Figure 3C). By
contrast, nuclease-treated lysates were impaired in cleaving
the two abutting tRNAs into individual tRNAs, strongly sug-
gesting an additional nucleic acid component is required for
efficient processing. Interestingly, mitoplast lysates from
HepKO liver showed the same defect on abutting tRNA matura-
tion as the nuclease-treated WT mitoplast lysates (Figure 3D).7, August 6, 2010 ª2010 Elsevier Inc. 459
Figure 3. RNase P RNA Binds to PNPASE
and May Function in PNPASE-Dependent
tRNA Processing
(A) Left: RNA was isolated from WT and HepKO
liver mitochondria following nuclease treatment.
RT-PCR was performed with primers that
amplify nuclear-encoded RNase P RNA (212 bp).
Right: QPCR analysis of RNase P RNA expression
relative to TOM40 protein in isolatedmitochondria.
(B) PNPASE-HisPC (PNP) or TIM23-HisPC (TIM23)
was purified from stably transfected HEK293 cells.
Candidate interacting RNAs that copurified in the
final eluate with PNPASE-HisPC and TIM23-
HisPC were identified by primer-specific RT-
PCR. T is the total lysate (0.3% of the reaction)
before mitochondrial purification and B is the
bound fraction. Note that only RNase P RNA
bound to PNPASE-HisPC (lane 4).
(C) Mitoplast extract (10 mg) was prepared from
nuclease-treated, intact WT liver mitochondria.
The extract was then treated with nuclease (+),
as indicated, and then inactivated with EDTA
and EGTA. The nuclease-treated or untreated
extract was incubated with abutted tRNAs
(tRNAHistRNASer) or a single tRNA (tRNALys) at
25C for 10 or 30 min. RNA was separated on an
urea-acrylamide gel and detected by autoradiog-
raphy. A MORTALIN immunoblot shows equiva-
lent mitoplast extract in each assay.
(D) Mitoplast extract was prepared from nuclease-
treated, intact WT or HepKO liver mitochondria.
The enzymatic assay was performed as described
for panel (C). See also Figure S5.Furthermore, the in vivo processing and separation of an
endogenous paired tRNAhistRNAser substrate was inhibited in
HepKO compared to WT liver mitochondria, whereas a linked
12 s rRNA-tRNAval substrate was processed equivalently (Fig-
ure S5B). These results, combined with prior data (Puranam and
Attardi, 2001), suggest protein-only andRNasePRNA-containing
RNase P complexes coexist in mitochondria, with efficient tRNA
processing requiring PNPASE-dependent RNase P RNA.
PNPASE Augments the Import of RNase P, 5S rRNA,
and MRP RNAs into Yeast Mitochondria
Similar PNPASE complexes in yeast and mammalian mitochon-
dria (Chen et al., 2006) (Figure S1) suggest yeast as a model for
studying the importof nuclear-encodedRNAs. Importantly, added
human PNPASE did not alter yeast mitochondrial morphology,
rate of proliferation, or extent of cell death, supporting this choice460 Cell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc.(Figure S6). Mitochondria isolated from
WT yeast or yeast expressing human
PNPASEwere incubated with in vitro tran-
scribed human RNase P RNA in import
buffer. The reaction was treated with
nuclease to remove nonimported RNA
followed by RNA isolation and RT-PCR.
RNase P RNA abundance was increased
in mitochondria containing PNPASE com-
pared toWTmitochondria (Figure4A). ThisRNA increase was specific for certain RNAs because cytosolic
GAPDH RNA was not increased in the same mitochondria
(Figure 4B). Osmotic shock was used to identify the location of
the imported RNase P RNA (Koehler et al., 1998). Mitochondria
were incubated in hypotonic buffer to rupture the outermembrane
and the mitoplasts (P, pellet fraction that contains the matrix and
IM) and the supernatant (S, contains the soluble IMS contents)
were separated by centrifugation (Figure 4C). RNase P RNA was
detected by RT-PCR and was localized in the mitochondrial
matrix. Detergent exposed the matrix to verify that the nuclease
degraded the RNase P RNA. To confirm that osmotic shock did
not disrupt the IM, antibodies against cytochrome b2 (cyt b2;
IMS) and a-ketoglutarate dehydrogenase (KDH; matrix) showed
that cyt b2 was sensitive to protease in the IMS, but KDH was
resistant to protease until the IM was lysed with Triton X-100.
Thus, RNase P RNA import was augmented, or RNase P RNA
Figure 4. PNPASE Augments RNase P, 5S
rRNA, andMRPRNA Import into YeastMito-
chondria
(A) Upper: In vitro transcribed human RNase P
RNA was incubated with yeast mitochondria
expressing human PNPT1 (PNP) or an empty
vector (Vec) control. Nonimported RNA was
digested with nuclease and the imported RNA
was detected by RT-PCR. PNPT1-expressing
mitochondria without added RNase P RNA was
included as a specificity control for import and
RT-PCR (lane 2: Std, 1% of the reaction). Lower:
Control showing equivalent total mitochondrial
nucleic acid in each reaction.
(B) Upper: As in panel (A), with cytosolic human
GAPDH RNA used as a substrate. Middle- Control
showing equivalent total mitochondrial nucleic
acid in each reaction. Lower: Western blot
showing PNPASE expression and PORIN immu-
noblot showing equivalent mitochondria in each
import assay.
(C) After import as in panel (A), mitochondria
were subjected to osmotic shock, fractionated
by centrifugation into soluble (S) and pellet (P)
fractions, followed by proteinase K and nuclease
additions where indicated. The pellet fraction
was solubilized with Triton X-100 to expose the
matrix. Localization was determined by RT-PCR
forRNase P RNA and immunoblot for KDH (matrix)
and cyt b2 (IMS) proteins.
(D) Upper: Radiolabeled RNase P, MRP, 5S rRNA,
andGAPDH human RNAswere in vitro transcribed
and then incubated with yeast mitochondria
expressing PNPASE or an empty vector control.
Nonimported RNA was digested with nuclease,
followed by RNA isolation, separation on a urea-
acrylamide gel, and autoradiography. Import reac-
tions were repeated with 13 and 23 amounts of
RNA. Lower: Control showing equivalent total
mitochondrial nucleic acid in each reaction.
(E) Upper: As in panel A except that the mitochon-
drial membrane potential (Dc) was dissipated prior
to import. Lower: Control showing equivalent total
mitochondrial nucleic acid in each reaction.was stabilized, in the yeastmitochondrial matrix when exogenous
PNPASE was present in the IMS.
To confirm the RT-PCR results and assay other imported
RNAs, we performed the in vitro RNA import assay with yeast
mitochondria and radiolabeled human RNAs (Figure 4D). Two
different RNA volumes were used and the imported RNA was
isolated and separated on a urea-acrylamide gel followed by
autoradiography. RNase P, 5S rRNA, and MRP RNAs showed
augmented import or stability in mitochondria expressing
PNPASE relative to control mitochondria (Figure 4D). Again,
this increase was RNA-type specific as PNPASE did not
augment GAPDH RNA levels. When the mitochondrial
membrane potential was dissipated, the RNase P RNA level
was not increased in this assay system (Figure 4E).
PNPASE Mutations that Inactivate RNA Processing
Do Not Affect RNA Import or Stability
Specific point mutations in conserved regions of PNPASE impair
its RNA exonuclease or 30 poly-A polymerase activity inbiochemical assays (Portnoy et al., 2008), although the effects
of these mutations on PNPASE in vivo are unknown. To deter-
mine whether the RNA import or stabilization activity of PNPASE
was separable from its RNA processing activities, RNase P RNA
import was studied when different PNPASE mutants were
expressed in yeast mitochondria (Figure 5A). The point mutants
generated and tested were based on results from Schuster and
colleagues (Portnoy et al., 2008). Mutants D135G and S484A
lacked poly-A polymerase and RNA degradation activities
in vitro. Mutant D544G and double mutant R445E/R446E
showed enhanced in vitro poly-A polymerase activity but com-
promised degradation activity. Of the four mutants, PNPASE
S484A and R445E/R446E supported the import or stabilization
of RNase P RNA, whereas mutants D135G and D544G were
defective in this function (Figure 5A). The abundance of WT
and the four mutant PNPASE proteins were similar between
yeast strains and all of the PNPASE proteins assembled into
240 kDa complexes without impairment (Figure 5A, lower
panel). This contrasts with the expectation that mutant D135GCell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc. 461
Figure 5. PNPASEMutations that Inactivate
RNA Processing Do Not Affect RNA Import
or Stability
(A) Upper: Schematic for the positions of point
mutations made in the PNPASE protein. Listed
are the in vitro effects of mutations on 30 poly-
merase and RNA degrading activities, from (Port-
noy et al., 2008). Middle: Import reactions were
performed as in Figure 4A. Radiolabeled RNase
P RNA was incubated with isolated yeast mito-
chondria expressing an empty vector or the listed
PNPASE constructs. Lower panels: Immunoblot of
WT and point mutant PNPASE yeast transfectants
used in panel A import assay. A PORIN immuno-
blot confirms the colocalization of PNPASE WT
and mutants in yeast mitochondria. The assembly
state of WT and point mutant PNPASE was deter-
mined by solubilization with 1% digitonin and
separation on a 6%–16% BN gel, followed by
PNPASE immunoblot.
(B) Upper: WT and S484A PNPASE IPs from yeast
mitochondria were used to analyze RNA degrada-
tion properties. Lower: WT or S484A mutant
PNPASE was incubated with radiolabeled RNase
P RNA for 10 min at 25C to assess degradation
activity. The asterisk marks degradation products.
(C) Left: Following in vitro import of radiolabeled
RNase P RNA and nuclease treatment to remove
nonimported RNA, mitochondria were incubated
for up to 90 min at 25C and aliquots removed at
the indicated time points. The RNA was then
resolved by urea-acrylamide gel electrophoresis.
Right: RNase P RNA that was not degraded was
quantified using FX imager; n = 3.would fail to form a trimeric complex from prior studies (Portnoy
et al., 2008). Therefore, the mitochondrial RNA import or stabili-
zation function of PNPASE is separable from its poly-A poly-
merase or exoribonuclease activities.
To determine whether PNPASE augmented either RNA import
or stabilization in mitochondria, the enzymatic properties of
the WT and S484A mutant protein were examined with respect
to RNA turnover in vitro and in isolated yeast mitochondria.
For in vitro studies,WT andS484APNPASEwere immunoprecip-
itated from yeast mitochondria and tested in an in vitro degrada-
tion assay with radiolabeled RNase P RNA (Figure 5B). WT
PNPASE degraded the RNase P RNA, but the S484A mutant
was impaired, consistent with prior results (Portnoy et al., 2008).
In addition, radiolabeled RNase P RNA was imported into mito-
chondria, followed by incubation at 25C for up to 90 min
(Figure 5C). The internalized RNase P RNA was separated on
aurea-acyrlamidegel andquantifiedduring this timecourseusing
a phosphorimager. The rate of degradation of RNase P RNA was462 Cell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc.similar for degradation competent WT
and incompetent mutant PNPASE pro-
teins, supporting a role for PNPASE in
augmenting the import of specific RNAs
into the mitochondrial matrix. This result
further supports PNPASE localizing to
the IMS because a greater amount ofWT PNPASE imported into the matrix could cause a relative
increase in the rate of turnover of matrix localized RNase P RNA.
A Predicted Stem-Loop RNA Structure Mediates
PNPASE-Dependent RNA Import
Results showing PNPASE-dependent RNA import into mito-
chondria (Figure 3, Figure 4, and Figure 5) do not exclude an
indirect role. To establish a direct PNPASE role, a systematic
search was used to identify PNPASE-dependent RNA import
sequences. Primers were designed to generate distinct
segments of the 340 nucleotide (nt) RNase P RNA full length
sequence. RPf1 lacked the 50 70 nt, RPf2 lacked the 50 140 nt,
and RPr1 lacked the 30 148 nt of WT PNPT1 (Figure 6A). Import
assays were performed using full length or truncated in vitro
transcribed RNase P RNAs (Figures 6B and 6C). Augmented
RPf1 and RPr1 import into yeast mitochondria depended upon
PNPASE, as did the full length RNase PRNA. In striking contrast,
RPf2 was not efficiently imported into yeast mitochondria,
Figure 6. A Stem-Loop Structure Mediates
PNPASE-Dependent RNA Import
(A) Schematic depiction of human RNase P RNA
and deletion fragments.
(B) Import of full length RNase P RNA into yeast
mitochondria expressing PNPASE (PNP) or
control (Vec) vectors, as in Figure 4A.
(C) Import of the indicated RNase P RNA frag-
ments.
(D) Import of RNase P RNA fragments RPf3 and
RPf4.
(E) Import of human GAPDH mRNA or GAPDH
mRNA with control (CR), MRP RNA, or RNase P
RNA 20 nt sequences fused to the 50 end, as
shown in panel (F).
(F) The secondary structures and sequences of
mitochondrial RNA targeting signals in RNase P
(RP) and MRP (MRP) RNAs. A random sequence
(CR) was used as a control.
(G) Isolated mitochondria from HEK293 cells
stably expressing IMS-localized PNPASE-HisPC
or TIM23-HisPC (control) dual-tagged proteins
were incubated with [32P]-CTP labeledCR-tRNAtrp
or RP-tRNAtrp, followed by UV-cross linking,
tag-IP, separation by SDS-PAGE, and autoradiog-
raphy. See also Figure S6.implicating the sequence between nt 71 and 140 in PNPASE-
augmented RNA import. To further refine this import signal,
RNA sequences lacking the 50 86 (RPf3) or 102 (RPf4) nts
were generated (Figure 6A). Augmented RPf3 and RPf4 import
into yeast mitochondria was PNPASE-dependent (Figure 6D),
further implicating an import signal between nt 103 and 140.
The most obvious, predicted secondary structure of RNase P
RNA in this region was a 20 nt stem-loop (Figure 6F). Interest-
ingly, a similarly-predicted stem-loop structure was also identi-
fied in MRP RNA. To determine whether one or both stem-loop
structures could mediate mitochondrial targeting of non-
imported GAPDH RNA, each 20 nt stem-loop sequence was
fused to the 50-terminus of the GAPDH RNA, which is not
imported (Figure 4D and Figure 7D). Strikingly, the RNase P
and MRP stem-loop structures licensed the PNPASE-depen-
dent import of GAPDH RNA into yeast mitochondria (Figure 6E).
By contrast, a control random 20nt sequence could not mediate
this import. Human mitochondrial tRNAtrpwith the RNase P RNA
step-loop structure, but not tRNAtrp itself, was imported intoCell 142, 456–46isolated mouse liver mitochondria, with
the tRNAtrp-PNPASE interaction cap-
tured using UV-cross linking (Figure 6G).
These results strongly implicate the
structural specificity of mitochondrial
RNA import (Figure 6F) and the direct
involvement of PNPASE in this process.
PNPASE Augments RNA Import
into Yeast and Mammalian
Mitochondria In Vivo
To explore in vivo RNA import into mito-
chondria, a construct was generated inwhich the human RNase P RNA was expressed from the yeast
NME1 promoter (Figure 7A). When expressed in control yeast,
RNase P RNA localized to mitochondria, consistent with
nuclear-encoded RNA import by a PNPASE-independent mech-
anism, since yeast normally lack PNPASE. By contrast, RNase P
RNA import increased by 2-fold in mitochondria from yeast
expressing PNPASE compared with control cells (Figures 7A
and 7B). Importantly, an RNA similar in size to RNase P RNA
(340 nt), HOT13, that is translated in the cytosol and imported
as a protein into mitochondria, was not localized to mitochon-
dria. Also, mitochondrial-encoded RPM1, which codes for the
yeast homolog of RNase P RNA, was sequestered in the mito-
chondrion at a level equivalent to control yeast mitochondria,
as expected. These data indicate that PNPASE augments the
import of RNase P RNA into yeast mitochondria in vivo. Finally,
replacement of the human RNase P RNA stem-loop sequence
with the 20nt random sequence blocked augmented RNase P
RNA import into yeast mitochondria in vivo (Figure S7), confirm-
ing the role of the stem-loop in PNPASE-regulated import.7, August 6, 2010 ª2010 Elsevier Inc. 463
Figure 7. PNPASE Augments RNA Import
into Yeast and Mammalian Mitochondria In
Vivo
(A) Upper: Human RNase P RNA yeast expression
construct is driven by the RPM1 RNA promoter,
NME1. Lower: Mitochondria from yeast express-
ing human RNase P RNA and either PNPASE
(PNP) or an empty vector (Vec) were isolated and
treated with nuclease. RNA was then isolated
from the total cell lysate or from nuclease-treated
mitochondria (Mito) and analyzed by primer-
specific RT-PCR.
(B) QPCR for Cox1 and RNase P RNAs isolated
from mitochondria in panel (A), normalized to the
total mitochondrial RNA obtained.
(C) Radiolabeled, in vitro transcribed RNase P
RNA was imported into mitochondria from MEF
cell lines WT (expressing mouse PNPASE,
mPNP), Pnpt1 knockout (KO), PNPT1 overexpres-
sion (expressing mPNP and hPNP), or Pnpt1
knockout plus PNPT1 overexpression (expressing
hPNP). Upper panel is an immunoblot for mouse
and human PNPASE expression. Middle panel is
an immunoblot of b-ACTIN, a loading control.
Lower panel is an autoradiogram of RNase P
RNA import into isolated MEF mitochondria.
(D) Radiolabeled, in vitro transcribed RNAs were
incubated with WT or HepKO liver mitochondria
for 10 min at 25C. Nonimported RNA was
removed with nuclease, followed by RNA isolation
and separation on a urea-acrylamide gel. Import
reactions were repeated with 13 and 23 amounts
of synthesized RNAs. TOM40 immunoblot pro-
vides a mitochondrial loading control. See also
Figure S7.PNPASE augmented import of RNase P RNA into yeast
mitochondria is nonphysiologic. Therefore, we developed WT,
PNPASE KO, WT expressing human PNPASE, and PNPASE
KO expressing human PNPASE MEFs for import assays.
PNPASE abundance in each MEF line was confirmed by
immunoblot (Figure 7C). Radiolabeled RNase P RNA was not
imported into mitochondria from the PNPASE KO MEFs, but
was imported into mitochondria that contained mouse and/or
human PNPASE. The in vitro import of RNase P, MRP, 5S
rRNA, and GAPDH RNAs was also tested in liver mitochondria
isolated from the HepKO mouse and WT littermates. Again,
RNase P, 5S rRNA, and MRP RNAs were imported into mito-
chondria expressing PNPASE, whereas cytosolic GAPDH RNA
was not imported (Figure 7D). As expected, more than half of
the imported MRP RNA was processed into the mature
130 nt form (Figure 7D, S7) (Chang and Clayton, 1987). By
contrast, mitochondrial RNA import was severely compromised
in HepKO liver mitochondria. Combined, these results strongly
support PNPASE as the first RNA import factor that mediates
the translocation of specific RNAs into the mammalian
mitochondrial matrix.464 Cell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc.DISCUSSION
In contrast to the protein translocation, very little is understood
about the import of specific RNAs into the mitochondrion. A
confounder is that the spectrum of RNAs imported and the
import factors and mechanisms seem to vary greatly among
different organisms. At an extreme is mammalian mitochondria,
in which despite strong evidence for RNA import (Alfonzo and
Soll, 2009; Tarassov et al., 1995), no factors have thus far been
identified. Here we implicate PNPASE as the first RNA import
factor for mammalian mitochondria. Our results show that
PNPASE KO disrupts mitochondrial morphology and respiration
in mouse liver cells, at least partially by inhibiting the import of
RNAs that control the transcription and translation of the ETC
proteins. Our data also suggest that a nucleic acid component
of the RNase P RNA processing complex, possibly RNase P
RNA (Puranam and Attardi, 2001), is imported in vivo to process
linked tRNAs in long mitochondrial transcripts. PNPASE medi-
ated RNA delivery into the mitochondrial matrix and this import
was augmented over background. Strikingly, PNPASE RNA
import and RNA processing functions were separable and
predicted stem-loop structures were identified in two imported
RNAs that could transfer PNPASE-dependent import potential
to nonimported RNAs. Combined, these results open a new
chapter for studies into the pathway(s) and mechanism(s) of
RNA import into mammalian mitochondria.
A key question that this study presages is how PNPASE
regulates the import of specific cytosolic RNAs. For this, the
location of PNPASE first needs to be considered. Previously,
we localized PNPASE to the IMS. Carbonate extraction studies
also indicated that PNPASE was bound to the IM facing the
IMS (Chen et al., 2006; Rainey et al., 2006). However, more
recently, others have shown a weak interaction with the
matrix-localized RNA helicase hSUV3, suggesting a matrix
localization for PNPASE (Szczesny et al., 2009; Wang et al.,
2009). Our sub-fractionation studies were highly reproducible
and, in contrast, we favor the idea that hSUV3 bound to PNPASE
after all of the mitochondrial sub-compartments were exposed
during purification. The methods used to identify this interaction
do not exclude this possibility and we have already shown an
unanticipated interaction between PNPASE and the cytosol-
localized oncoprotein TCL1 using similar limited resolution
methods (French et al., 2007). Our failure to again identify a
hSUV3 and PNPASE interaction using an ultra-sensitive dual-
tag expression and purification system (Claypool et al., 2008)
further supports this interpretation (Figure S1). An alternative
explanation that we cannot exclude or confirm with current
methodologies is that a small amount of PNPASE could get
into the matrix and interact with hSUV3.
A second interesting area opened by the current results is to
determine how PNPASE controls RNA import into mitochondria.
In concept, PNPASE could import RNAs from the cytosol into
the IMS and then pass this RNA to another protein or complex
that would assist it through the IM into the matrix (Figure 4C).
Interestingly, PNPASE augments import in yeast, which does
not have a PNPASE homolog, indicating a distinct RNA import
mechanism that PNPASE can augment directly or indepen-
dently. In mouse liver and MEF mitochondria, PNPASE KO is
incomplete because cells without PNPASE are nonviable, so it
is unclear whether it is absolutely essential for all RNA import
or whether the amount detected in import assays is still mediated
by the minimal residual amount of PNPASE present required
for cell survival. Furthermore, it is not clear if this imported
RNA in PNPASE KO mitochondria is stuck in the IMS and not
in the matrix, which could provide further insight for the detailed
function of PNPASE in RNA import.
PNPASE has two external domains (KH and S1) that bind RNA
near the opening of a central processing pore in a trimeric
complex (Carpousis, 2002; Symmons et al., 2000). It is not clear
whether the same domains are used indiscriminately or in some
distinct manner to trigger PNPASE RNA processing versus
import functions. It is possible that the stem-loop structures
identified in RNase P and MRP RNAs interact with PNPASE
in a manner that triggers only import rather than processing.
Interestingly, GAPDH RNA can be a target of PNPASE degrada-
tion activity in vitro (French et al., 2007), although when either
of the identified stem-loop structures is appended to the
50-terminus, GAPDH RNA is efficiently imported into mitochon-
dria (Figure 6E). Indeed, RNA structural elements regulatePNPASE function in chloroplasts and prokaryotes (Lisitsky
et al., 1996; Yehudai-Resheff and Schuster, 2000) and a stem-
loop structure protects the RNA from degradation by PNPASE
in chloroplasts (Yehudai-Resheff et al., 2001). A detailed dissec-
tion of what constitutes a trigger sequence for processing versus
import activities is clearly warranted. Finally, since the overall
sequence homology between the identified stem-loop struc-
tures onRNase P andMRPRNAs is not high, binding interactions
between specific RNAs and PNPASE may be stronger or
weaker, allowing or inhibiting detection by standard in vitro
techniques such as IP, which could make the verification of
additional candidate imported RNAs challenging without the
functional import assay system for validation.
Studies and important applications that use RNA import in
mammalian cells have been hampered by the inconsistent
requirements between systems and their study in vitro versus
in vivo. Although the exact mechanism for how PNPASE
augments and licenses RNA import is not yet known, the identifi-
cation of PNPASE represents the first receptor-like component
that binds RNA in mammalian cells to mediate RNA import into
themitochondrialmatrix. This finding, alongwith the identification
of import signal sequences, should open up additional studies to
determine what other pathway components are involved and
what the RNA sequence or structure rules tell us about how
PNPASE may decipher between processing and import.
EXPERIMENTAL PROCEDURES
Protein and RNA Purification
Purification of the PNPASE-HisPC protein complex was performed as before
(Claypool et al., 2008). For protein-RNA interactions, mitochondria (1 mg/ml)
were solubilized in lysis buffer (300 mM NaCl, 10 mM imidazole, 10% glycerol,
0.25% Triton X-100, 2 mM DTT, 20 mM HEPES [pH 6.6]) containing protease
inhibitor (Roche) and RNase inhibitor (Invitrogen). Insoluble material was
removed by spinning and extracts transferred to Eppendorf tubes. 50 ml of
Ni2+NTA resin (QIAGEN) was incubated in 1 ml lysis buffer with 100 mg/ml
ssDNA for 1h at 4C. The resin was then mixed with the mitochondrial lysates
in the presence of 100 mg/ml ssDNA for 1 hr at 4C. After incubation, the resin
was washed 103with lysis buffer containing RNase inhibitor. The protein-RNA
complex was eluted with elution buffer (300 mM NaCl, 10 mM imidazole, 10%
glycerol, 0.25% Triton X-100, 20 mM citrate [pH 5.5]) containing RNase
inhibitor. RNA was isolated from the eluate using TRIzol reagent (Invitrogen).
Isolation of Mitochondrial RNA and DNA
Mitochondria (1 mg/ml) were treated with 25 mg/ml of micrococcal nuclease S7
in nuclease buffer (0.6 M Sorbitol, 20 mM MgCl2, 5 mM CaCl2, 20 mM Tris
[pH 8.0]) for 30 min at 27C. The reaction was stopped by addition of 20 mM
EGTA. Mitochondria were collected and solubilized in SDS buffer (100 mM
NaCl, 1% SDS, 20 mM Tris pH 7.4) at 65C for 5 min. RNA was purified using
TRIzol reagent, and treated with RNase-free DNase I (Roche) for 1h at 37C.
DNase I was inactivated by heating at 65C for 10 min. Phenol-chloroform
(EM Science) extractions were used for DNA purification from the mitochon-
drial lysates.
In Vitro Transcription
RNAs were synthesized as before (Portnoy et al., 2008). For radiolabeled RNA
synthesis, [32P]-CTP (MP Biochemicals) was incorporated. The RNAs were
purified using TRIzol reagent.
RNA Import Assay
Yeast mitochondria were isolated from cells grown in selection medium until
stationary phase and mammalian mitochondria were isolated as previously
described (Chen et al., 2006; Rainey et al., 2006). In vitro RNA import assaysCell 142, 456–467, August 6, 2010 ª2010 Elsevier Inc. 465
were performed in a 200-ml volume containing 0.5 mg of RNA, 100 mg of mito-
chondria, 0.6 M sorbitol, 2 mM KH2PO4, 50 mM KCl, 10 mM MgCl2, 2.5 mM
EDTA, 5 mM L-methionine, 1 mg/ml BSA, 5 mM ATP, 2 mM DTT, 5 mM
NADH, 50 mM HEPES, [pH 7.1], at RT for 10 min. Mitochondria were spun
at 11,000 x g for 5 min and washed once with wash buffer (0.6 M sorbitol,
20 mM Tris, [pH 8.0]). Mitochondria were spun again and resuspended in
200 ml nuclease buffer containing 25 mg/ml of micrococcal nuclease S7 and
incubated for 30 min at 27C. Mitochondria were collected and solubilized in
SDS buffer at 65C for 5 min. RNA was purified using TRIzol reagent. For
import intomammalianmitochondria, 0.25M sucrose instead of 0.6M sorbitol,
and 20 mM succinate instead of 5 mM NADH, were used. For import with
radiolabeled RNA, the purified RNAs were analyzed by urea-acrylamide gel
and autoradiography.RNA Degradation Assay
The RNA processing activity of WT and mutant PNPASE was done as before
(Portnoy et al., 2008). [32P]-RNA was incubated with the corresponding
proteins in buffer E (20 mM HEPES, [pH 7.9], 60 mM KCl, 12.5 mM MgCl2,
0.1 mM EDTA, 2 mM DTT, and 17% glycerol, 0.1 mM Pi) at 25
C for 5 min.
Following incubation, the RNA was isolated and analyzed by urea-acrylamide
gel and autoradiography.Additional Procedures
Osmotic shock was performed by incubating mitochondria for 30 min on ice in
0.03 M sorbitol and 20 mM HEPES-KOH, (pH 7.4) (Claypool et al., 2008). Blue
native gel electrophoresis was performed on a 6%–16% linear polyacrylamide
gradient using 50 mg of digitonin solubilized material (Chen et al., 2006).
Northern blotting was performed as previously described (Tollervey, 1987).
Total mtRNA was separated on a 12% agarose-formaldehyde gel and
transferred to a nylon membrane. Hybridization was carried out with
[32P]-dCTP (MP Biochemicals) labeled DNA probes. In organello protein
synthesis assays were performed as before with minor changes (Stuart and
Koehler, 2007). 100 mg mouse liver mitochondria were incubated in 100 ml
translation buffer (250 mM sucrose, 100 mM KCl, 1 mM MgCl2, 10 mM Tris
(pH 7.4), 10 mM K2HPO4 (pH 7.4), 10 mM glutamate, 10 mM malate, 5mM
NADH, 1 mM ADP, 1 mg/ml BSA, 100 mg/ml emetine, 100 mg/ml cyclohexi-
mide, and 30 mM of amino acid mix without methionine) with 5 ml of L-[35S]
methionine (MP Biochemicals) at 37C for 30 min. The mitochondria were
then precipitated and proteins resolved by 12% SDS PAGE.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
seven figures and can be found with this article online at doi:10.1016/j.cell.
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